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ABSTRACT
We report on broadband observations of CTA 102 (z = 1.037) during the active states in 2016-2017.
In the γ-ray band, Fermi LAT observed several prominent flares which followed a harder-when-brighter
behavior: the hardest photon index Γ = 1.61 ± 0.10 being unusual for FSRQs. The peak γ-ray flux
above 100 MeV (3.55± 0.55)× 10−5 photon cm−2 s−1 observed on MJD 57738.47 within 4.31 minutes,
corresponds to an isotropic γ-ray luminosity of Lγ = 3.25× 1050 erg s−1, comparable with the highest
values observed from blazars so far. The analyses of the Swift UVOT/XRT data show an increase in
the UV/optical and X-ray bands which is contemporaneous with the bright γ-ray periods. The X-ray
spectrum observed by Swift XRT and NuSTAR during the γ-ray flaring period is characterized by a
hard photon index of ∼ 1.30. The shortest e-folding time was 4.08 ± 1.44 hours, suggesting a very
compact emission region R ≤ δ× 2.16× 1014 cm. We modeled the spectral energy distribution of CTA
102 in several periods (having different properties in UV/optical, X-ray and γ-ray bands) assuming a
compact blob inside and outside the BLR. We found that the high-energy data are better described
when the infrared thermal radiation of the dusty torus is considered. In the flaring periods when
the correlation between the γ-ray and UV/optical/X-ray bands is lacking, the γ-ray emission can be
produced from the interaction of fresh electrons in a different blob, which does not make a dominant
contribution at lower energies.
Keywords: gamma rays: galaxies, galaxies: active, galaxies: jets, quasars: individual: CTA 102,
radiation mechanisms: non-thermal
1. INTRODUCTION
The blazars are the most extreme class of radio-
loud active galactic nuclei (AGNs) in their unification
scheme. Blazars are emitting electromagnetic radiation
ranging from radio to High and Very High Energy γ-ray
bands (HE; ≥ 100 MeV and VHE; ≥ 100 GeV) char-
acterized by rapid and high-amplitude variability which
can be explained assuming the jets are oriented close
to the line of sight of the observer (a few degrees) and
the nonthermal plasma moves with relativistic veloci-
ties along the jet (Urry & Padovani 1995). Blazars are
grouped into two large sub-classes, Flat Spectrum Radio
Quasars (FSRQs) and BL Lacertae objects (BL Lacs),
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on the basis of different emission line properties, which
are stronger and quasar-like in FSRQs and weak or ab-
sent in BL Lacs. An alternative classification method
is based on the luminosity of the broad emission lines
(or accretion disc) measured in Eddington units: when
LBLR/LEdd ≥ 5×10−4 the objects are FSRQs otherwise
they are BL Lacs (Ghisellini et al. 2011; Sbarrato et al.
2012).
The multi-wavelength studies have shown that the
Spectral Energy Distributions (SEDs) of both types
of blazars consist of two broad humps, peaking in the
IR-X-ray (low-energy component) and in the MeV-
TeV bands (HE-component). The low-energy compo-
nent is well explained by synchrotron emission from
relativistic electrons in the jet, whereas the nature
of the HE-component is less well understood as sev-
eral different emission mechanisms can be responsible
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for that emission (e.g., see Sikora et al. (2009)). The
simplest explanation scenario is the synchrotron self-
Compton (SSC) radiation, where the soft synchrotron
photons are inverse-Compton-up-scattered by the same
electrons that have produced the synchrotron emis-
sion (Ghisellini et al. 1985; Bloom & Marscher 1996;
Maraschi et al. 1992). As FSRQ jets are in an environ-
ment with a stronger external radiation field which
can be beamed and enhanced in the frame of the
jet, the inverse Compton scattering of external pho-
tons too can contribute to the observed HE emission
(B laz˙ejowski et al. 2000; Ghisellini & Tavecchio 2009;
Sikora et al. 1994). Alternatively, if the protons are ef-
ficiently accelerated in the jet (beyond the threshold for
pion production), the HE emission can be also explained
by the interaction of energetic protons (Mu¨cke et al.
2003; Mu¨cke & Protheroe 2001).
After the lunch of Fermi Large Area Telescope (Fermi-
LAT) several thousand blazars were detected in the
γ-ray band (Ackermann et al. 2015) which opens new
perspectives for investigation of the broadband emis-
sion from them. The observations indirectly show
that the γ-rays can be produced either close to or
far from the central black hole. As the γ-ray emis-
sion regions are very compact, inferred from extreme
short time scale variabilities (e.g., in minute scales
Ackermann et al. (2016); Foschini et al. (2011, 2013);
Nalewajko (2013); Brown (2013); Rani et al. (2013);
Saito et al. (2013); Hayashida et al. (2015)) and that
there is a sharp break in the GeV γ-ray spectra of
some blazars (Poutanen & Stern 2010a), the emission
is most likely produced within the broad-line regions
(BLRs). On the other hand, the recent detection of
≥ 100 GeV photons from several FSRQs (Ahnen et al.
2015; Aleksic´ et al. 2014, 2011; Sahakyan & Gasparyan
2017) implies that the γ-ray emission region should most
likely be beyond the BLR in order to bypass strong ab-
sorption of VHE photons (Poutanen & Stern 2010a;
Liu & Bai 2006). Unfortunately, the angular resolution
of γ-ray instruments is not high enough (and will not
be in the near future) to resolve and localize the γ-ray
emission regions which makes it difficult to determine
the exact origin of γ-ray emission from blazars as the jet
dissipation can occur at any distance from the central
black hole.
Among the FSRQs detected by Fermi-LAT, the power-
ful GeV γ-ray emitter CTA 102, z = 1.037 (Schmidt
1965), is flaring frequently, its γ-ray flux some-
times exceeding 10−5 photon s−1 cm−2. CTA 102
is a luminous, well-studied highly polarized quasar
(Moore & Stockman 1981) having variable optical emis-
sion (Pica et al. 1988). It has been initially iden-
tified by Compton Gamma Ray Observatory mis-
sion as a γ-ray emitter (the flux > 100 MeV being
(2.4±0.5)×10−7photon s−1 cm−2), and then it is being
included in all the point source catalogs of Fermi-LAT
(Acero et al. 2015). Since 2016, CTA 102 was in the en-
hanced emission state in the UV/optical, X-ray and HE
γ-ray bands (Casadio et al. 2015; Balonek et al. 2016;
Chapman et al. 2016; Popov & Bachev 2016; Ciprini
2016; Bulgarelli et al. 2016; Ciprini 2017; Becerra et al.
2016; Minervini et al. 2016; Carrasco et al. 2016) with
several prominent γ-ray bright periods. Considering
the available large amount of multi-wavelength data
which allows to constrain the emitting region size and
location, magnetic field and electron energy distribu-
tion, etc., CTA 102 is an ideal object for exploring the
physics of FSRQ jets.
In this paper, we analyze the Swift UVOT/XRT, NuS-
TAR and Fermi-LAT data collected from 2016 to 2018
to study the broadband emission from CTA 102. The
data collected for the analysis and its reduction meth-
ods are described in Section 2. The spectral changes
in different bands during the flaring and low state is
discussed in Section 3. The broadband SED modeling
is presented in Section 4 and Results and Discussion in
Section 5. The conclusion is summarized in Section 6.
2. OBSERVATIONS AND DATA REDUCTION
2.1. Gamma-ray observations: Fermi LAT
In the present paper we use the publicly available
Fermi-LAT data acquired in the period from 01 January
2016 to 09 January 2018 when large-amplitude flares of
CTA 102 were observed. Fermi Science Tools v10r0p5
was used to analyze the data with P8R2 SOURCE V6
instrument response function. Only the 100 MeV -
300 GeV events extracted from a 12◦ region of interest
(ROI) centered on the location of CTA 102 [(RA,dec)=
(338.139, 11.720)] have been analyzed. However, the
results were checked by repeating the same analy-
ses selecting ROI radii of 10◦ and 15◦. To elimi-
nate the Earth limb events, the recommended qual-
ity cuts, (DATA QUAL==1)&&(LAT CONFIG==1)
and a zenith angle cut at 90◦ were applied. Af-
ter binning the data into pixels of 0.1◦ × 0.1◦ and
into 34 equal logarithmically-spaced energy bins, with
the help of gtlike a binned likelihood analysis is per-
formed. The model file describing ROI was created
using the Fermi-LAT third source catalog (Acero et al.
2015) (3FGL) which contains sources within ROI+5◦
from the target, as well as Galactic gll iem v06 and
iso P8R2 SOURCE V6 v06 diffuse components. All
point-source spectra were modeled with those given in
the catalog, allowing the photon index and normaliza-
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Figure 1. Multifrequency light curve of CTA 102 obtained for the period from 2008 August to 2018 January. a) γ-ray light
curves with adaptive (red; ≥ 156.1 MeV) and 2-day (blue; 100 MeV) bins, b) and c) the flux and photon index with 2- and
7-days binning, d) Swift XRT light curve in the 0.3-10 keV range, e) UV/optical fluxes in V , B, U , W 1, M2 and W 2 bands
and f ) the energy and arrival times of the highest-energy photons. The vertical blue dashed line shows the period when a large
flare in the R− band was observed (28 December 2016).
tion of the sources within 12◦ to be free in the analysis.
Also, the normalization of diffuse background compo-
nents are free. To check if there are new γ-ray sources
in the ROI, a Test Statistics (TS) map (TS defined as
TS = 2(logL − logL0), where L and L0 are the likeli-
hoods whether or not the source is included) is created
with gttsmap tool which places a point source at each
pixel and evaluates its TS. In the TS map, there are
new hotspots (pixels) with TS > 25 (5 σ) which possi-
bly hints at the presence of new sources. For each new
hotspot we sequentially added a new point source with
a power-law spectral definition. For the further analysis
the model file containing these additional point sources
is used.
In the whole-time analysis, the γ-ray spectrum of
CTA 102 was first modeled using a log-parabola
(Massaro et al. 2004) as in 3FGL and then assuming
a power-law shape. The latter will be used in the light
curve calculations, as shorter periods will be considered
and a power law can be a good approximation of the
spectrum. During the analysis of each individual flare
a different model file obtained from the analyses of the
data accumulated during one/two- month periods cov-
ering the flares was also used. An unbinned maximum
likelihood analysis was performed using (0.1 − 300)
GeV photons with the appropriate quality cuts men-
tioned above, to obtain the γ-ray light curves. Since no
variability is expected from the underlying background
diffuse emission, we fix the normalization of both back-
ground components to the best fit values obtained for
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the whole time period.
Initially, the light curve was calculated with the help
of an adaptive binning method. At regular (fixed) time
binning, the long bins will smooth out the fast varia-
tion while short bins might result in many upper limits
during the low-activity periods. In the adaptive binning
method, the time bin widths are adjusted to produce
bins with constant flux uncertainty above the optimal
energies (Lott et al. 2012) meant to find rapid changes
in γ-ray fluxes. The adaptively binned light curve with
15% uncertainty and above E0 = 156.1 MeV in Fig.
1 shows several bright γ-ray states: from MJD 57420
to MJD 57445 and from MJD 57700 to MJD 57900.
The peak flux of (2.52 ± 0.42) × 10−5 photon cm−2 s−1
with a photon index of Γ = 1.99 ± 0.15 was observed
on MJD 57738.47 within 4.31 minutes with a con-
vincingly high ∼ 20.0σ. It corresponds to a flux of
(3.55 ± 0.55) × 10−5 photon cm−2 s−1 above 100 MeV
which ∼ 221 times exceeds the average γ-ray flux given
in 3FGL (≃ 1.60×10−7photon cm−2 s−1 but the source
is variable with a variability index of 1602.3 in 3FGL).
In addition, we used gtfindsrc tool to determine the best
coordinates of the γ-ray emission in this period, yield-
ing (RA,dec)= (338.115, 11.746) with a 95% confidence
error circle radius of r95 = 0.06. These coordinates are
offset only by 0.03◦ from the γ-ray position of CTA
102, indicating that it is the most likely source of the
emission. The hardest photon index of 1.61 ± 0.10
(22.56σ) was observed on MJD 57752.45 within 9.46
minutes, which is significantly harder than the mean
photon index observed during the considered period,
Γmean = 2.22.
In the adaptively binned light curve there is a hint at
flux changes in minute scales. For example, the interval
of MJD 57737.88- MJD 57739.00 (∼ 1.13 days), contains
67 adaptive bins each having a width of the order of a
few minutes and a detection significance of > 14.3σ. An-
other such active period was observed on MJD 57752.0,
though the time bin widths were a few tens of minute.
Many times during the considered period, the source flux
exceeded 10−5photon cm−2 s−1, mostly observed during
the extremely active period from MJD 57736.4 to MJD
57798.46 as well as a few times on MJD 57439.0 and
MJD 57862.0. During these periods, the photon flux and
index vary within (1.01− 2.52)× 10−5 photon cm−2 s−1
and 1.61 − 2.56, respectively, the minimum and maxi-
mum bin widths being 4.31 and 194.54 minutes and the
detection significance varying from 13.18σ to 22.61σ.
Fig. 1 b) shows the γ-ray light curve > 1
GeV (2 days; red color) and > 10 GeV (7 days;
blue color) with a noticeable increase in the flux, the
peaks being (2.32 ± 0.10) × 10−6 photon cm−2 s−1 and
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Figure 2. CTA 102 γ-ray photon index vs. flux in adaptive
(orange) and two-day bins (blue). Similar plot for the X-ray
band is shown in the insert.
(6.43±0.94)×10−8photon cm−2 s−1, at 2-day and 7-day
binning, respectively. Above 10 GeV, among 105 total
bins only in 36 the detection significance is at least 4σ,
but, e.g., on MJD 57741.0 and MJD 57748.0 it is as
large as ≃ 29σ, Npred varying within 46− 55. The γ-ray
photon index variation above 0.1 and 10 GeV is shown
in Fig. 1 c) with red and blue colors, respectively. There
is an obvious hardening above 0.1 GeV, when the pho-
ton index changed to Γ ≃ 2.0, during the most bright
periods of the source. The mean γ-ray photon index
above 10 GeV is Γmean = 3.41 but on MJD 57776.0
Γ = 1.79± 0.55 with 7.85σ.
The γ-ray photon index versus flux is presented in Fig.
2 for adaptive (orange) and 2-day binning (blue; > 0.1
GeV). When 2-day intervals are considered, there is a
hint of spectral hardening as the source gets brighter.
In the γ-ray band such behaviour has been already
observed from several blazars (e.g., PKS 1502+106
(Abdo et al. 2010d), PKS 1510-089 (Abdo et al. 2010b),
sometimes from 3C 454.3 (Ackermann et al. 2010), etc.)
and radio galaxies (e.g., NGC 1275 (Baghmanyan et al.
2017)). Such evolution of spectral index and flux is
expectable when accelerated HE electrons are cooled
down (e.g., (Kirk et al. 1998)). It is hard to see similar
relation in the case of adaptive bins as the bright periods
last shorter, leading to larger uncertainties. The linear-
Pearson correlation test applied to 2-day and adaptively
binned intervals yielded rp = −0.569 and rp = −0.533,
respectively, the p-value being << 10−5. This suggests
negative correlation between the flux and photon index,
i.e., as the flux increases, the photon index decreases
(hardens).
The distribution of highest energy events (> 10 GeV)
detected from CTA 102, calculated using the gtsrcprob
tool is presented in Fig. 1 f). Most of the HE pho-
tons are observed during MJD 57700-57800 with the
maximum of 97.93 GeV detected on MJD 57773.34.
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2.2. Swift UVOT/XRT observations
The data from seventy Swift (Neil Gehrels Swift ob-
servatory) observations of CTA 102 carried out from 01
January 2016 to 09 January 2018 have been analyzed.
The exposures range from 0.3 ks (ObsID:33509083) to
3.14 ks (ObsID:33509095) and most of the observations
were made in the photon counting and only two in the
window timing mode. The XRT data were analyzed
with XRTDAS (v.3.3.0) using standard procedure and
the most recent calibration databases. Events for the
spectral analysis were selected within a 20 pixel (47′′)
circle with the source at the center, while the back-
ground region as an annulus with the same center and
having inner and outer radii of 51 (120′′) and 85 pix-
els (200′′), respectively. The count rate in some ob-
servations was above 0.5 count s−1 implying pile-up in
the inner part of the PSF. This effect was removed
by excluding the events within a 3 pixel radius circle
centered on the source position. The Cash statistics
(Cash 1979) on ungrouped data was used as for some
observations the number of counts was low. However
for the observations with a high count rate, the results
were also cross-checked by rebining to have at least 20
counts per bin and then fitted using the χ2 minimiza-
tion technique. The individual spectra were fitted with
XSPEC v12.9.1a adopting an absorbed power-lawmodel
with NH = 5.35 × 1020 cm−2 column density, ignoring
the channels with energy below 0.3 keV and above 10
keV. Fig. 1 d) shows the X-ray flux evolution in time
(the corresponding parameters are presented in Table 1),
where its gradual increase contemporaneous with the γ-
ray flux around MJD 57750 can be seen. The highest
flux of F0.3−10 keV ≃ (6.71± 0.21)× 10−11 erg cm−2 s−1
observed on MJD 57759.69 exceeds the average flux
(≃ 1.2 × 10−11 erg cm−2 s−1) ∼ 5.6 times. A relation
between the unabsorbed X-ray flux and photon index is
represented in the insert of Fig. 2. A trend of a harder
spectrum when the source is brighter can be seen. Such
harder-when-brighter trend in the X-ray band was al-
ready observed from several FSRQs (e.g., PKS 1510-
089 (Kataoka et al. 2008; D’Ammando et al. 2011), 3C
454.3 (Vercellone et al. 2010) and etc.) which can be
described if assuming the electrons are losing energy
mainly through interaction with the external photon
fields (e.g., (Vercellone et al. 2011)).
The data from the second instrument on board the
Swift satellite, UVOT, was used to measure the flux
of the source in the UV/optical bands. Photome-
try was computed using a five-arcsecond source re-
gion around CTA 102 and for the background - a
source-free annulus centered on the source position with
27′′ inner and 35′′ outer radii. The magnitudes were
computed using UVOTSOURCE task, then corrected
for extinction, using the reddening coefficient E(B-V)
from Schlafly & Finkbeiner (2011) and the ratios of
the extinction to reddening A/E(B-V) for each filter
from Fitzpatrick (1999) then converting to fluxes, fol-
lowing Breeveld et al. (2011). The flux measured for
V, B, U, W1, M2 and W2 filters is shown in Fig. 1 e).
Even if the available data are not enough for detailed
studies, it is clear that up to ∼ MJD 57720 the source
was in a relatively faint state in the optical/UV band but
its flux significantly increased during the bright flaring
period around ∼ MJD 57750. This is in agreement with
the recent results by Raiteri et al. (2017) which show
that the source emission in the optical band increased
in late 2016 with a 6-7 magnitude jump as compared
with the minimal state. The maximum flux in the R−
band was observed on 28 December 2016 (MJD 57750)
with a peak luminosity of 1.32 × 1048 erg s−1. In ad-
dition, the radio monitoring (at 37 GHz) showed that
the peak in this band is much earlier than the one in
the R-band, inferring these emissions were produced in
different locations of the jet.
2.3. NuSTAR observation
In the hard X-ray band (3-79 keV), CTA 102 was ob-
served once on 30 December 2016 by NuSTAR with a
net exposure of ∼ 26.21 ks, when it was bright in the
X-ray and γ-ray bands. The raw data (from both Fo-
cal Plane Modules [FPMA and FPMB; (Harrison et al.
2013)] were processed with the NuSTAR Data Anal-
ysis Software (NuSTARDAS) package v.1.4.1 (via the
script nupipeline), producing calibrated and cleaned
event files. The events data were extracted from a re-
gion of 75′′ centered on the source position, while the
background was extracted from a nearby source free cir-
cular region with the same radius. The spectra were
binned so to have at least 30 counts per bin and fit-
ted assuming an absorbed power-law model. The best
fit resulted in ΓX = 1.32 ± 0.005 and F3−79 keV ≃
(2.94 ± 0.02) × 10−10 erg cm−2 s−1 with χ2 = 0.97 for
1131 degrees of freedom. The corresponding spectra for
FPMA and FPMB are shown in Fig. 3.
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Table 1. Summary of Swift XRT observations of CTA 102.
Sequence No. Date (MJD) Exp(sec) Log(Flux)a Γ C-stat./dof
00033509016 2016-01-02(57389.33) 834.1 −10.94± 0.06 1.23± 0.14 91.23(103)
00033509017 2016-01-03(57390.6) 1119.0 −10.88± 0.04 1.18± 0.10 166.99(168)
00033509018 2016-06-21(57560.67) 991.4 −10.71± 0.03 1.43± 0.08 218.22(218)
00033509021 2016-06-30(57569.66) 844.1 −10.77± 0.04 1.42± 0.11 195.86(151)
00033509022 2016-08-24(57624.88) 1633.0 −10.68± 0.02 1.38± 0.06 422.02(320)
00033509023 2016-08-25(57625.35) 1691.0 −10.73± 0.02 1.46± 0.06 393.49(306)
00033509024 2016-08-26(57626.94) 1868.0 −10.71± 0.02 1.41± 0.06 410.73(323)
00033509025 2016-08-27(57627.94) 1466.0 −10.65± 0.03 1.43± 0.07 233.39(291)
00033509026 2016-08-28(57628.01) 2148.0 −10.75± 0.02 1.45± 0.06 271.35(309)
00033509027 2016-08-28(57628.94) 2797.0 −10.71± 0.02 1.36± 0.05 450.67(403)
00033509028 2016-08-30(57630.93) 1576.0 −10.81± 0.03 1.48± 0.07 226.96(270)
00033509030 2016-08-31(57631.93) 2133.0 −10.76± 0.03 1.35± 0.07 289.41(290)
00033509031 2016-09-02(57633.06) 1978.0 −10.78± 0.02 1.42± 0.06 316.53(301)
00033509034 2016-09-03(57634.79) 966.5 −10.72± 0.03 1.57± 0.09 220.83(194)
00033509035 2016-09-04(57635.64) 869.1 −10.79± 0.03 1.64± 0.09 207.90(193)
00033509076 2016-09-02(57633.92) 1965.0 −10.75± 0.02 1.47± 0.06 373.93(324)
00033509077 2016-09-08(57639.9) 991.4 −10.78± 0.04 1.33± 0.10 202.35(178)
00033509078 2016-09-12(57643.43) 914.0 −10.85± 0.04 1.47± 0.10 160.64(171)
00033509079 2016-09-14(57645.36) 1091.0 −10.81± 0.03 1.4± 0.09 192.03(199)
00033509080 2016-09-17(57648.47) 894.0 −10.66± 0.03 1.34± 0.08 262.16(217)
00033509081 2016-09-20(57651.32) 996.4 −10.64± 0.03 1.33± 0.07 311.96(242)
00033509082 2016-09-26(57657.11) 789.1 −10.72± 0.04 1.43± 0.09 198.62(189)
00033509083 2016-10-02(57663.43) 344.6 −10.85± 0.07 1.37± 0.20 47.08(67)
00033509084 2016-10-08(57669.34) 609.3 −10.79± 0.05 1.45± 0.12 130.49(103)
00033509085 2016-10-14(57675.33) 966.5 −10.8 ± 0.04 1.38± 0.10 221.53(186)
00033509086 2016-10-20(57681.43) 971.4 −10.79± 0.04 1.32± 0.09 248.18(190)
00033509087 2016-10-27(57688.54) 1965.0 −10.71± 0.02 1.29± 0.06 449.38(329)
00033509088 2016-10-28(57689.21) 1711.0 −10.79± 0.03 1.36± 0.07 301.62(271)
00033509090 2016-10-29(57690.59) 1723.0 −10.85± 0.03 1.46± 0.08 182.50(224)
00033509091 2016-10-30(57691.92) 1656.0 −10.84± 0.03 1.4± 0.08 231.46(241)
00033509092 2016-10-31(57692.79) 2108.0 −10.82± 0.02 1.57± 0.06 287.31(299)
00033509093 2016-11-14(57706.68) 2974.0 −10.59± 0.02 1.22± 0.04 597.15(447)
00033509094 2016-11-16(57708.53) 2762.0 −10.66± 0.02 1.25± 0.05 460.61(428)
00033509095 2016-11-18(57710.26) 3137.0 −10.73± 0.02 1.33± 0.05 432.80(415)
00033509096 2016-11-20(57712.58) 2435.0 −10.63± 0.02 1.32± 0.05 556.82(417)
00033509097 2016-11-22(57714.11) 1693.0 −10.49± 0.02 1.55± 0.06 265.95(322)
00033509098 2016-11-23(57715.9) 2934.0 −10.43± 0.02 1.19± 0.04 717.13(517)
00033509099 2016-11-27(57719.78) 1963.0 −10.63± 0.02 1.36± 0.05 505.78(364)
00033509100 2016-11-30(57722.02) 382.1 −10.68± 0.05 1.42± 0.12 108.37(118)
00033509101 2016-12-01(57723.08) 1341.0 −10.74± 0.02 1.78± 0.07 278.11(275)
00033509103 2016-12-06(57728.07) 1958.0 −10.47± 0.02 1.69± 0.05 449.08(354)
00033509105 2016-12-13(57735.06) 2655.0 −10.40± 0.02 1.32± 0.04 457.45(437)
00033509106 2016-12-16(57738.05) 2440.0 −10.30± 0.02 1.23± 0.04 653.22(469)
00033509107 2016-12-18(57740.49) 2402.0 −10.32± 0.02 1.27± 0.05 569.51(541)
00033509108 2016-12-20(57742.95) 818.4 −10.39± 0.03 1.47± 0.08 271.95(359)
00033509109 2016-12-23(57745.07) 1993.0 −10.35± 0.02 1.58± 0.05 399.45(388)
Table 1 continued
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Table 1 (continued)
Sequence No. Date (MJD) Exp(sec) Log(Flux)a Γ C-stat./dof
00033509110 2016-12-26(57748.33) 1686.0 −10.39± 0.02 1.39± 0.06 347.1(329)
00033509111 2016-12-29(57751.8) 1823.0 −10.27± 0.02 1.62± 0.04 455.60(397)
00033509112 2016-12-30(57752.54) 1468.0 −10.19± 0.02 1.29± 0.05 482.04(410)
00088026001 2016-12-31(57753.06) 2048.0 −10.20± 0.02 1.26± 0.04 619.50(486)
00033509113 2017-01-02(57755.05) 1566.0 −10.30± 0.02 1.24± 0.05 383.85(386)
00033509114 2017-01-01(57754.37) 1488.0 −10.19± 0.02 1.18± 0.05 405.54(421)
00033509115 2017-01-06(57759.69) 2472.0 −10.17± 0.01 1.33± 0.03 748.83(539)
00033509116 2017-01-08(57761.68) 2480.0 −10.29± 0.02 1.31± 0.04 507.41(465)
00033509117 2017-01-10(57763.14) 2502.0 −10.30± 0.02 1.17± 0.04 607.92(463)
00033509118 2017-01-12(57765.07) 521.9 −10.45± 0.04 1.19± 0.09 200.60(200)
00033509119 2017-01-15(57768.86) 1009.0 −10.45± 0.03 1.33± 0.08 254.30(243)
00033509120 2017-01-18(57771.38) 1768.0 −10.50± 0.02 1.41± 0.05 399.09(391)
00033509121 2017-04-20(57863.68) 1975.0 −10.48± 0.02 1.56± 0.06 342.39(331)
00033509122 2017-04-23(57866.86) 2273.0 −10.54± 0.02 1.38± 0.05 467.86(419)
00033509123 2017-04-26(57869.13) 2018.0 −10.34± 0.02 1.33± 0.05 494.03(383)
00033509124 2017-04-30(57873.83) 991.4 −10.36± 0.03 1.34± 0.07 298.45(263)
00033509125 2017-05-01(57874.31) 891.5 −10.31± 0.03 1.16± 0.08 207.36(245)
00033509126 2017-05-05(57878.23) 681.8 −10.59± 0.04 1.41± 0.09 203.60(192)
00033509127 2017-05-06(57879.75) 529.4 −10.56± 0.04 1.33± 0.09 205.28(182)
00033509128 2017-08-01(57966.04) 1975.0 −10.67± 0.02 1.45± 0.05 427.29(342)
00033509129 2017-08-03(57968.65) 2298.0 −10.62± 0.02 1.42± 0.05 457.95(394)
00033509131 2018-01-05(58123.69) 1970.0 −10.4 ± 0.02 1.27± 0.06 397.65(354)
00033509130 2017-08-05(57970.96) 876.5 −10.62± 0.03 1.41± 0.08 270.04(241)
00033509061 2017-12-08(58095.17) 2477.0 −10.59± 0.02 1.25± 0.05 444.7(416)
aFlux in 0.3–10 keV in unit of erg cm−2 s−1
.
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Figure 3. Top: NuSTAR FPMA (black) and FPMB (red)
spectra and best-fit models. Bottom: Residuals with respect
to power-law model.
2.4. The light curves variability
Table 2. Parameter values best explaining the flares.
Flare period t0 tr ± err td ± err F0/10
−6
MJD (day) (day) photon cm−2s−1
57736.53 ± 0.11a 0.46± 0.13 0.17± 0.08 18.68± 3.33
57738.50 ± 0.06a 0.60± 0.09 0.21± 0.03 29.04± 2.39
57845.78 ± 0.36b 1.49± 0.33 0.70± 0.23 9.72± 1.26
57862.02 ± 0.11b 0.17± 0.06 0.73± 0.11 25.20± 2.63
aFc = (4.18 ± 0.34) × 10−6photon cm−2s−1.
b Fc = (1.07 ± 0.08) × 10−6photon cm
−2s−1.
The γ-ray (2-day (> 0.1 and > 1.0 GeV), 7-day
(> 10.0 GeV) and adaptive binned (> 156.1 MeV)),
X-ray (0.3-10 keV) and UV/optical fluxes variation in
time are shown in the a), b), c), d) and e) panels
of Fig. 1. There is an evident major γ-ray flux in-
crease accompanied by moderate brightening in the X-
ray and UV/optical bands. The variability in different
bands is quantified using their fractional rms variabil-
ity (Fvar) amplitude (Vaughan et al. 2003), resulting in
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Figure 4. Light curves of CTA 102 above 100 MeV with
time binning of 6 h (upper panel) and 12 h (lower panel).
The lines show the flare fit with Eq. 1 (Table 2).
Fvar = 0.511±0.008 for X-ray band and correspondingly
0.920±0.006 and 0.984±0.004 for the γ-ray light curves
with adaptive and 2-day (> 0.1 GeV) binning, implying
much stronger variability in the γ-ray band. This vari-
ability is even stronger when the light curves with 2-day
(> 1.0 GeV) and 7-day (10.0 GeV) bins are used (ex-
cluding correspondingly 20 and 69 periods with upper
limits in them), since Fvar = 1.61±0.01 and 1.18±0.06,
respectively.
The rapid variability in the γ-ray band can be further
investigated by fitting the data with the double exponen-
tial form function to obtain the time profiles of the flux
variations. However we note that the double exponen-
tial form function is not unique and the flare time pro-
files can be reproduced also by other functions (e.g., see
Abdo et al. (2010c)). As the main purpose of the cur-
rent fit is only to estimate the rise and decay times, we fit
the light curves with the following function (Abdo et al.
2010a):
F (t) = Fc + F0 ×
(
e
t−t0
tr + e
t0−t
td
)−1
(1)
where t0 is the time of the flare peak (F0) and tr and
td are the rise and decay times, respectively. Each light
curve was fitted with the non-linear optimization python
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Figure 5. The broadband SEDs of CTA 102 in the selected
periods. The archival data are shown in light gray.
package lmfit 1 using a function that contains two in-
verses of the sum of exponentials (corresponding to the
number of flares).
The active (bright) periods identified in the adaptively
binned light curve are analyzed with normal time sam-
pling and only the periods when the rise and decay times
can be well constrained are considered. Accordingly, the
periods from MJD 57734 to MJD 57740 and from MJD
57840 to MJD 57870 (Fig. 4) divided into 6- and 12 hour
bins respectively are selected; the detection significance
in each bin is > 5σ and the plot of Npred/
√
Npred vs
Flux/∆Flux shows linear correlation, so the likelihood
fit converged for each time bins. The identified four
peaks are sequentially numbered from 1 to 4 (F1- F4).
The fit is shown in Fig. 4 and the corresponding pa-
rameters are given in Table 2. The average flux level
(Fc) is left free during the fitting and the correspond-
ing values are presented in Table 2. The flares 1-3
have rise times longer than the fall, and only F4 shows
the opposite tendency. The symmetry of the flares can
be quantitatively estimated by calculating the parame-
ter of ξ = (td − tr)/(td + tr) as defined in Abdo et al.
(2010a) which ranges from −0.64 to −0.46 for F1-3 and
0.62 for F4, implying these are moderately asymmetric
flares. The shortest e-folding times for rise and decay
are tr = 0.17± 0.06 and td = 0.21± 0.03 day 2 observed
during F2 and F4, respectively. During F4, when the
highest flux was observed within 4.08± 1.44 hours, the
flux increased up to (2.52±0.26)×10−5photon cm−2s−1
and dropped to its average level within 17.52±2.64 hour.
1 https://lmfit.github.io/lmfit-py/
2 in Table 2 e-folding times are given, the doubling or halving
timescales can be computed by tr,d × ln2
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3. SPECTRAL EVOLUTION
A ”Light curve/SED movie” is made for a better un-
derstanding of the spectral evolution in different bands.
For each adaptively binned interval, using the estimated
photon index and flux, the γ-ray spectra are calculated
by dividing the (0.16-300) GeV interval into five loga-
rithmically equal bins. These γ-ray spectra are com-
bined with the UV/optical/X-ray (if available) data to
make SEDs. As moving from bin to bin, the spectra in
all bands can be compared and their evolution in time
seen.
The movie is uploaded here youtu.be/K9WWWSy6W8U,
where the time period from MJD 57620 to MJD 57950
coinciding with the most active γ-ray emitting state is
presented. Up to ≃ MJD 57730, the emission from the
source had a soft photon index Γ ≥ 2.0 and a maximum
flux around ≃ 10−10 erg cm−2 s−1, which afterwards
exceeded 10−9 erg cm−2 s−1 with hard γ-ray photon in-
dices. Starting from MJD 57765, the flux dropped to
its original level and the γ-ray photon index softened.
Around MJD 57800, when the flux increased again, the
photon indices were Γ ≃ 2.0, implying a flat spectrum of
the source in (ν − νFν) representation. These spectral
evolutions once more confirm a harder-when-brighter
trend.
3.1. Spectral analysis
The data from the following periods are considered for
the spectral analyses:
low state (when the source was not flaring in the
γ-ray band): when X-ray and γ-ray fluxes were
in their average levels: from Swift observations,
Obsid: 33509078, 33509079, 33509085, 33509086
and 33509091 were analyzed by merging them
to increase the exposure and statistics as they
have similar X-ray flux and photon indices while
a few intervals, when the source flux exceeded
9×10−7 photon cm−2 s−1, were excluded from the
contemporaneously obtained γ-ray data. This pe-
riod corresponds to the pre-flaring state, allowing
to investigate the source emission spectrum before
the major flare.
Period 1 (P1): MJD 57625.06-57625.39 when the
source was in the bright γ-ray state coinciding
with XRT observations (Obsid: 33509022 and
33509023, merged during the analyses).
Period (P2): MJD 57738.02-57738.08, bright
γ-ray period coinciding with the Swift Obsid:
33509106.
Table 3. Parameters of spectral analysis
Fermi-LAT
Period Photon Index a Fluxb σc
low 2.39± 0.03 1.13± 0.04 61.4
P1 2.01± 0.09 6.34± 0.72 25.0
P2 1.93± 0.08 24.17± 2.43 33.4
P3 1.96± 0.04 24.74± 1.31 56.5
P4 1.93± 0.05 21.72± 1.40 48.7
P5 1.81± 0.08 25.14± 2.65 31.0
Swift-XRT
Period Photon Index d Unabsorbed Flux e χ2
red
(d.o.f.)
low 1.44± 0.05 1.45± 0.07 1.10(39)
P1 1.41± 0.05 1.91± 0.09 0.77(52)
P2 1.23± 0.05 4.79± 0.22 0.97(53)
P3 1.25± 0.04 5.75± 0.13 1.26(84)
P4 1.32± 0.04 6.46± 0.15 1.20(75)
P5 1.56± 0.06 3.31± 0.15 0.91(31)
NuSTAR
P4f 1.32± 0.005 29.36± 0.20 0.97(1131)
N
otes:
aγ-ray photon index from likelihood analysis.
b γ-ray flux in the 0.1 − 300 GeV energy range in units of
10−7 photon cm−2 s−1.
cDetection significance
dX-ray photon index.
e 0.3–10 keV X-ray flux corrected for the Galactic absorption
in units of ×10−11 erg cm−2 s−1.
fX-ray flux and photon index are measured in the energy range
3–79 keV
Period 3 (P3): ≃ 3.11 hour period centered on
MJD 57752.52, corresponding to a bright γ-ray
state coinciding with Swift (Obsid: 33509112 and
88026001, merged) and NuSTAR observations.
Period 4 (P4): ≃ 8.06 hour period centered
on MJD 57759.62, corresponding to the period
when the highest X-ray flux was observed (Obsid:
33509115).
Period 5 (P5): ≃ 14.66 min period centered
on MJD 57862.15, corresponding to another
peak of γ-ray emission and available quasi-
simultaneous Swift observation on the next day
(Obsid: 33509121).
During the unbinned likelihood analyses of Fermi-LAT
data, the spectrum of CTA 102 has been modeled using
a power-law function with the normalization and index
as free parameters. Then, the SEDs are calculated by
fixing the power-law index of CTA 102 and running gt-
like separately for smaller energy bins of equal width in
log scale. For the spectral analyses the Swift data were
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binned to have at least 20 counts per bin and then fitted
using χ2 minimization technique. Then, in order to in-
crease the significance of individual points in the SEDs
calculations, a denser rebinning was applied, restricting
the energy range to > 0.5 keV. The results of analy-
ses (both X-ray and γ-ray) are given in Table 3 and the
corresponding spectra shown in Fig. 5.
The γ-ray emission spectra in the low state extended up
to ∼ 10 GeV with a soft photon index of Γ = 2.39±0.03
while it hardened during the flares, e.g., Γ = 1.81± 0.08
during P5. There is an indication of deviation of the
model with respect to the data above several GeV during
P3 (cyan data in Fig. 5). An alternative fit with func-
tions in the form of dN/dE ∼ E−αγ × Exp(−Eγ/Ecut)
and dN/dE ∼ (Eγ/Ebr)−(α+βlog(Eγ/Ebr)) were applied
to check whether the curvature in the spectrum is statis-
tically significant. The first fit resulted in α = 1.64±0.09
and Ecut = 3.84± 1.21 GeV which is preferred over the
simple power-lawmodeling (comparing log likelihood ra-
tio tests) with a significance of 4.81 σ. The second fit
with α = 1.58 ± 0.10 and β = 0.21 ± 0.05 is preferred
with a significance of 5.2 σ. The breaks in the emis-
sion spectra can be expected from pair production in
BLR (Poutanen & Stern 2010b) or can be related with
the breaks in the emitting electron spectra (Abdo et al.
2010e). The possible origin of the curvature in the GeV
spectra should be investigated deeper, with more de-
tailed spectral analyses of single as well as several flaring
periods, which is beyond the scope of the current paper.
4. BROADBAND SEDS
Fig. 5 shows the broadband SEDs of CTA 102 in
its low and active periods together with the archival
radio-X-ray data (light gray) from ASI science data cen-
ter. The WISE IR data are highlighted by red asterisk
which are most probably due to the torus emission as
the recent studies show that the detection rate of al-
most all γ-ray blazars was high in the WISE all-sky
survey (Massaro & D’Abrusco 2016). The comparison
shows that during the considered periods the fluxes in
the optical/X-ray and γ-ray bands exceed the averaged
archival data: the increase is more significant in the op-
tical/UV band. This increase in all bands is expected as
the selected periods correspond to the pre-flaring, flaring
and post flaring states, and the source shows different
emission properties as compared with the averaged spec-
trum.
Comparing our selected period i) the low-energy com-
ponent increased while its peak frequency remained rel-
atively constant (≤ 1015 Hz), ii) the second component
increased and shifted to HEs with a strong Compton
peak dominance and iii) the UV/optical, X-ray and γ-
ray fluxes contemporaneously increased in P2, P3 and
P4, while the emission in the UV/optical and X-ray
bands was relatively constant in P1 and P5.
The blazar flares can be explained by the changes in the
magnetic field, in the emitting region size and its dis-
tance from the black hole, bulk Lorentz factor, particle
energy distribution, etc. (Paggi et al. 2011). For exam-
ple, both emission components will be shifted to HEs
when the particles are effectively re-accelerated. Only
the HE component will increase when the contribution
of the external photon fields starts to dominate, for ex-
ample, due to the changes in the location of the emit-
ting region (Paggi et al. 2011). However, these are not
unique models for explaining the flaring events. An-
other possibility is the geometrical interpretation of the
origin of flares, the case when the jet regions may have
different viewing angles. Such a model with a twisted
inhomogeneous jet was already applied to explain the
emission from CTA 102 jet in the optical, infrared and
radio bands (Raiteri et al. 2017). The photons of differ-
ent energy come from the jet regions which have different
orientations (hence, different Doppler boosting factors)
because of the curvature of the jet.
The SEDs obtained in the low state, P1 and P5 showing
different features, and in the bright P2 have been mod-
eled. In order to account for Compton dominance, we
assume the bulk Lorentz factor (δ which equals to the
bulk Lorentz factor for small viewing angles, δ ≃ Γ) of
the emitting region increased from 10 in the low to 20
in the active states (these are typical values estimated
for FSRQs (Ghisellini & Tavecchio 2015)). When the
SEDs in the low state and in P2 are modeled, the emis-
sion from a compact region inside and outside the BLR
is discussed. Instead, when modeling the periods with
lacking correlation in the γ-ray and UV/optical/X-ray
bands, we assume the emission from the radio to X-rays
is produced in the extended and slow-moving region un-
related to the flaring component, while the HE γ-rays
come from a compact and fast-moving region outside
BLR (Tavecchio et al. 2011).
4.1. Modeling the SEDs
The SEDs are fitted within a leptonic scenario
that includes synchrotron/Synchrotron Self-Compton
(SSC) (Ghisellini et al. 1985; Bloom & Marscher 1996;
Maraschi et al. 1992) and External Inverse-Compton
(EIC) (Sikora et al. 1994) models. A spherical emis-
sion region (”blob”) with a radius of R and B
magnetic field carries relativistic electrons with a
N ′e(E
′
e) = N
′
0
(
E′e/me c
2
)−α
Exp[−E′e/E′cut] distribu-
tion for E′e ≥ E′min where E′min is the minimum electron
energy. The size of the emitting region can be inferred
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from the observed e-folding timescale of 4.08 hours from
the R ≤ δ c t/(1 + z) ≈ δ × 2.16× 1014 cm relation. For
the extended emission component, a region with a ten
times larger radius (≃ 4× 1016 cm) will be used.
The low-energy component is modeled by synchrotron
emission while for the Inverse Compton (IC) scattering
the photons from synchrotron emission, from BLR and
dusty torus will be taken into account. The density of
BLR (uBLR) and dusty torus (udust) are calculated as
functions of the distance r from the black hole by the
formulae, (e.g., Sikora et al. (2009))
uBLR(r) =
LBLR
4πr2BLRc[1 + (r/rBLR)
3]
, (2)
udust(r) =
Ldust
4πr2dustc[1 + (r/rdust)
4]
. (3)
The estimated size and luminosity of BLR corre-
spondingly are rBLR = 6.73 × 1017 cm and LBLR =
4.14 × 1045 erg s−1 (Pian et al. 2005). The disk lu-
minosity is Ldisk = 10 × LBLR ≃ 4.14 × 1046erg s−1
(assuming its 10% is reprocessed into BLR radiation)
then the size and luminosity of torus will be Rdust =
1018 (Ldisc/10
45)0.5 = 6.43 × 1018 cm (Nenkova et al.
2008) and Ldust = η Ldisc = 1.24× 1046erg s−1 (η = 0.6,
(Ghisellini et al. 2009)) a little larger than the value
from tentative detection of dust emission in CTA 102
(Malmrose et al. 2011). Moreover, reproducing the
near-IR data presented in Fig. 5 with a blackbody com-
ponent requires a luminosity of a few times 1046erg s−1
in agreement with the value used. We adopt an effective
temperature TBLR = 10
4 K for the BLR radiation and
T = 103 K for dusty torus.
The model free parameters and their uncertainties are
estimated using a Markov Chain Monte Carlo (MCMC)
method. We have modified the naima package (Zabalza
2015) and the spectral model parameters have been
derived through MCMC sampling of their likelihood
distributions. For the model free parameters the fol-
lowing expected ranges are considered: 1.5 ≤ α ≤ 10,
0.511 MeV ≤ E′cut,min ≤ 10 TeV, and N0 and B are
defined as positive parameters.
5. RESULTS AND DISCUSSION
The broadband emission from CTA 102 during
its bright period in 2016-2018 was investigated. In
the γ-ray band, during several periods the flux ex-
ceeded 10−5 photon cm−2 s−1 with the maximum be-
ing (3.55 ± 0.55) × 10−5 photon cm−2 s−1 (above 100
MeV) observed on MJD 57738.47 which corresponds
to an apparent isotropic γ-ray luminosity of Lγ =
3.25 × 1050 erg s−1 (for a distance of dL = 6.91 Gpc).
This is one of the highest γ-ray luminosities observed
from blazars so far (e.g., see Nalewajko (2013)). In
the proper frame of the jet, the power emitted in
the γ-ray band is ∼ Lγ/2δ2 = 4.06 × 1047 erg s−1
for δ = 20 which is higher than Ldisk in agreement
with the results by Ghisellini et al. (2014). During
this bright period, on a 6-h timescale, the appar-
ent luminosity was ≃ 2.0 × 1050 erg s−1 with the
rate of change L/∆t ≃ 1.89 × 1046 erg s−2 (using
∆t = 6 h/(1 + z) ≃ 1.06 × 104 s), slightly higher than
that observed from 3C 454.3 (Abdo et al. 2011) and
well above the Elliot-Shapiro relation (Elliot & Shapiro
1974).
The photon index varies as well: the hardest was
1.61 ± 0.10 observed on MJD 57752.45 which is un-
usual for FSRQs (having an average photon index of
2.4 (Ackermann et al. 2015)), while on MJD 57528.63
it was as soft as 3.08 ± 0.23. The hardest and softest
photon indices were observed during the active and low
states, confirming the harder-when-brighter trend. The
HE photons (> 10 GeV) were mostly emitted during the
active period of MJD 57700-57800, the highest energy
photon being 97.93 GeV. The fractional variability pa-
rameter Fvar shows that the variability is stronger in the
γ-ray band (Fvar > 0.9), increasing at higher energies.
The observed flares are asymmetric which might be due
to different relations between particle acceleration and
emission timescales. For example, the flares decrease
much faster (F1-F3) when the accelerated particles start
to escape from the emitting region or the cooling time
gradually increases. Whereas, the flare will appear with
a fast rise and a slow decay trend (F4) when the fast
injected energetic particles loose energy or escape from
the regions for a longer time. The observed shortest
e-folding time is ≃ 4.1 hours, inferring that the emit-
ting region is compact. However, during the brightest
periods of ∼MJD 57738.0 and ∼MJD 57752.0, several
minutes of observations were already enough to have
> 14.3σ detection significance, implying shorter time
scale variability cannot be excluded (see Shukla et al.
(2018) for detailed analysis in shorter periods).
Contemporaneous increase in the UV/optical and X-ray
bands were also observed during some bright γ-ray pe-
riods. In the X-ray band (0.3-10 keV), the maximum
flux is (6.71 ± 0.21) × 10−11 erg cm−2s−1 and the pho-
ton index hardens in the bright periods. Comparing
the Swift UVOT data obtained in different periods (see
Fig. 5 and SED/light curve movie) one can see a clear
indication of flux increase in the UV/optical bands as
well.
5.1. The origin of the emission
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Figure 6. Modeling of the broadband SEDs of CTA 102 during the low state and P2 (left panel, gray and orange, respectively)
and P1 and P5 (right panel, blue and red, respectively). The model parameters are given in Table 4. For the models applied
see the text.
Table 4. Parameters best describing the multiwavelength emission in different periods.
low P1 P2 P5
SSC+BLR BLR compact SSC+BLR Torus compact Torus
δ 10 10 20 20 20 20 20
α 2.51± 0.11 2.19± 0.02 2.12± 0.54 2.79± 0.44 1.91± 0.03 1.78± 0.52 1.95± 0.03
Emin[MeV] 68.25 ± 5.27 0.54± 0.03 155.59 ± 109.18 227.25 ± 26.43 1.38± 0.15 121.33± 67.33 0.63± 0.09
Ec[GeV] 0.67 ± 0.1 0.49± 0.04 1.42± 0.81 1.32± 0.43 0.98± 0.05 2.36± 1.54 3.85± 1.57
Emax [TeV] 0.57± 0.31 0.49± 0.31 0.48± 0.34 0.50± 0.30 0.41± 0.18 0.58± 0.25 0.54± 0.31
B[G] 5.40± 0.13 5.37± 0.14 0.23± 0.29 6.10± 0.50 1.01± 0.003 0.004 ± 0.042 0.015± 0.049
LB[erg s
−1] 1.75× 1046 1.73× 1046 1.47× 1042 1.04× 1045 2.86× 1043 3.86× 1038 6.44× 1039
Le[erg s−1] 4.66× 1044 2.90× 1045 1.73× 1046 2.84× 1045 2.74× 1047 7.33× 1046 1.97× 1047
Initially, we modeled the SED observed in the low
state (Fig. 6; left panel). The radio data are treated as
upper limits during the modeling, as the emission in this
band is produced from the low-energy electrons which
are perhaps from much extended regions. We note that
the IR flux predicted by the models exceeds the archival
IR data ∼ 200 times in the flaring (P2) and 28.7 times
in the selected low states (see Fig. 6; left panel), im-
plying that the non-thermal synchrotron emission from
the jet dominates over the other emission components.
When the IC scatterings of both synchrotron and BLR
photons are considered, the X-ray data allow to mea-
sure E′min = 68.25 ± 5.27 MeV and α = 2.51 ± 0.11.
In order to explain the observed UV/optical data, a
E′c = 0.67±0.1 GeV cut-off is required which makes the
SSC component to decay in sub-MeV band and the HE
data are described only by IC of BLR photons. Alter-
natively, both X-ray and γ-ray data can be described
by IC scattering of BLR photons (dot-dashed gray line
in Fig. 6) but the low-energy tail of IC spectra can
reproduce the X-ray data only if γmin = Ee/mec
2 is
close to unity (Celotti & Ghisellini 2008a). In this case,
however, the synchrotron emission of these low energy
electrons with Emin = 0.54± 0.03 MeV will exceed the
observed radio flux, making this scenario unlikely.
P2—Fig. 6 (left panel) shows the modeling of the
SED observed in P2, considering the synchrotron and
BLR photons (SSC+BLR, solid line) and then only BLR
(dashed line) and only torus (dot-dashed line) photons.
When the emitting region is within BLR (SSC+BLR),
the hard X-ray spectra 1.23±0.05 can be explained only
when E′min = 227.25± 26.43 MeV and α = 2.79± 0.44,
while E′c = 1.32 ± 0.43 GeV and B = 6.10 ± 0.50 G
are estimated from the low-energy component. Also,
the external photon fields can dominate for the IC scat-
tering as their density will increase Γ2 times in the jet
frame. For example, the required parameters (especially
B) can be somewhat softened when only the IC of torus
photons is considered (see Table 4). In the case of only
BLR photons, the low-energy tail of IC spectra will de-
cline at ∼ γ2 ǫBLR ≃ 0.52 keV (dashed line in Fig. 6 left
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panel), contradicting Swift XRT data (unless lower δ is
used). This modeling shows that during the bright γ-ray
periods the emission can be also produced outside the
BLR. At low energies, the model flux overpredicts non-
contemporaneous radio data, but when taking the syn-
chrotron self-absorption into account, which dominates
below the frequencies ∼ 1013 Hz (calculated following
Rybicki & Lightman (1979)), the synchrotron flux will
be below the radio data. We note that simultaneous
observations at low energies, which are missing in this
case, are crucial for better constraining of the model free
parameters and for deriving some limits/constraints on
the source emission properties. As the models presented
in Fig. 6 (left panel) predict different spectra and fluxes
at GHz or mid-IR range, the observations at these bands
can be also used to distinguish between these two mod-
els.
P1 and P5—Fig. 6 (right panel) shows the results of
a two-zone SEDs modeling. For the emission from the
extended blob we fixed all the parameters, except B and
N0, to the values obtained from the fitting of the SED
in the low state, as in the UV/optical and X-ray bands
the flux and photon indices did not change significantly
(Fig. 5). In addition, all the parameters of the compact
blob are free, but it is required that its synchrotron emis-
sion has no contribution at lower energies.
As compared with the low state, the magnetic field in
the extended blobs is estimated to be low, 5.05 ± 0.08
G and 3.43± 0.05 G for P1 and P5, respectively, imply-
ing the modest X-ray flux changes are related with the
increase of electron density. The γ-ray emission is pro-
duced in the interaction of fresh electrons (hard power
law index ≤ 2.1) with the torus photons in the compact,
fast-moving and particle-dominated blob Ue/UB ≥ 104
(Fig. 6 right panel). The cut-off energies (defined by
the last point in the Fermi-LAT data) should be con-
sidered as lower limits, since there is no indication of
break in the γ-ray spectra. In Fig. 6 (right panel) the
red dot-dashed line shows an alternative modeling, when
both X-ray and γ-ray data are modeled by the IC scat-
tering of torus photons. Within such a scenario, the
flare is mainly due to the injection/cooling of > 10 GeV
electrons, which are affecting only the HE spectra hav-
ing small contribution to the X-ray band (e.g., the den-
sity at lower energies increases due to the cooling of HE
electrons). Again, the low energy component should be
necessarily produced in a different blob, otherwise its
relatively constant peak frequency cannot be explained.
Jet energetics—The total power of the jet, Ljet = LB+Le
where LB = πcR
2
bΓ
2UB and Le = πcR
2
bΓ
2Ue (e.g.,
(Celotti & Ghisellini 2008b)), is of the order of Ljet ≃
2 × 1046 erg s−1 in the low state and can be as large as
≃ 3× 1047 erg s−1 during the flares.
When the low and high energy components are contem-
poraneously increased the required maximum energy of
electrons (Ec) reaches only a few GeV constrained by
the low energy data (the energy of synchrotron pho-
tons is proportional to ∼ δ B E2e ). Therefore, during
these intense γ-ray flares, the acceleration mechanisms
are not effective enough or the electrons cool faster and
do not reach HEs. On the other hand, when the γ-ray
and UV/optical/X-ray fluxes are uncorrelated, the γ-
rays are perhaps produced in a different part of the jet
that contains fresh electrons which can emit up to HE
and VHE bands.
6. CONCLUSIONS
We report the results on the observations of CTA
102 in the UV/optical, X-ray and γ-ray bands from
January 2016 to January 2018 when the source was
in the bright and active states. Generally, the flares
are roughly correlated in all these bands but the vari-
ability is more prominent in the γ-ray band with sev-
eral bright flares when the γ-ray flux is substantially
increased and the photon index is hardened, showing
a harder-when-brighter trend. The measured hardest
photon index Γ = 1.61 ± 0.10 significantly differs from
the average γ-ray photon index of CTA 102 and is un-
usual for FSRQs. The highest γ-ray flux measured
by Fermi-LAT is (3.55 ± 0.55)× 10−5 photon cm−2 s−1
(above 100 MeV) observed on MJD 57738.47, corre-
sponding to an extremely high isotropic γ-ray luminosity
of Lγ = 3.25× 1050 erg s−1.
We discussed the origin of the multiwavelength emis-
sion from CTA 102 in the framework of the one-zone
and multi-zone synchrotron, SSC and EIC scenarios.
We assumed a compact (R ≤ δ × 2.16 × 1014 cm in-
ferred from 4.08 hours γ-ray flux variation) blob inside
and outside the BLR. In a single emitting region, the
inverse-Compton up-scattering of both synchrotron and
BLR photons can explain the data observed in the low
state, whereas the contribution of torus photons is essen-
tial in the flaring periods. When in the flaring periods
the fluxes in the UV/optical, X-ray and γ-ray bands are
unrelated, the two-zone models (with an extended blob
inside and a compact fast-moving one outside the BLR)
can well explain the observed data under reasonable as-
sumptions on the required parameters. These periods
appear to be more favorable for the HE emission from
CTA 102 as the emitting electrons have higher cut-off
energies and harder power-law indicies. Most likely, the
emission in these periods is produced in the regions out-
side BLR that contain fresh electrons which dominantly
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cool due to the inverse-Compton scattering making the
variability more evident in the γ-ray band.
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